In eukaryotic cells, DNA damage triggers activation of checkpoint signaling pathways that coordinate cell cycle arrest and repair of damaged DNA. These DNA damage responses serve to maintain genome stability and prevent accumulation of genetic mutations and development of cancer. The p38 MAPK was previously implicated in cellular responses to several types of DNA damage. However, the role of each of the four p38 isoforms and the mechanism for their involvement in DNA damage responses remained poorly understood. In this study, we demonstrate that p38γ, but not the other p38 isoforms, contributes to the survival of UV-treated cells. Deletion of p38γ sensitizes cells to UV exposure, accompanied by prolonged S phase cell cycle arrest and increased rate of apoptosis. Further investigation reveal that p38γ is essential for the optimal activation of the checkpoint signaling caused by UV, and for the efficient repair of UVinduced DNA damage. These findings have established a novel role of p38γ in UV-induced DNA damage responses, and suggested that p38γ contributes to the ability of cells to cope with UV exposure by regulating the checkpoint signaling pathways and the repair of damaged DNA.
INTRODUCTION
p38 is one of the major MAP kinases, which regulates multiple biological processes in mammals (Ono and Han, 2000) . It was initially identified as a key mediator of inflammation and stress responses. Later studies also implicated p38 in cell cycle and proliferation, cell differentiation, cellular senescence, and DNA damage responses (Nebreda and Porras, 2000; Johnson and Lapadat, 2002; Han and Sun, 2007) .
In response to DNA damage, eukaryotic cells undergo proliferative arrest to allow DNA repair, which is crucial for maintaining genome stability and preventing tumorigenesis (Kastan and Bartek, 2004) . The p38 pathway plays an important role in DNA damage responses. p38 is activated by ionizing radiation (Dent et al., 2003) , and upon γ-irradiation, activation of MKK6 and p38 is required for dividing cells to arrest at the G2/M phase transition (Wang et al., 2000) . Moreover, p38 mediates UV-induced apoptosis by activating p53, through direct phosphorylation of functionally important residues (Ser15, Ser33 and Ser46), and stabilization of the p53 protein (Bulavin et al., 1999; She et al., 2000) . Two papers show that p38 mediates UV-or DNA alkylating agentinduced G2/M arrest, and phosphorylation and inactivation of Cdc25B and Cdc25C, two phosphatases that facilitate G2/M progression by removing inhibitory phosphates from Cdk1 (Bulavin et al., 2001; Hirose et al., 2003) . A p38 downstream kinase MAPKAPK2 (MK2) may also contribute to the inactivation of Cdc25B and Cdc25C and DNA damageinduced cell cycle arrest (Manke et al., 2005) . In addition, a recent study identifies a MAP3K termed TAO, as an upstream activator of p38 during DNA damage responses (Raman et al., 2007) .
Like other MAPK pathways, the p38 signaling cascades involves sequential activation of MAP kinase kinase kinases (MAP3Ks), such as MTK, MLK2, MLK3, DLK, ASK and TAK1, and MAP kinase kinases (MKKs), including MKK3, MKK6, and MKK4, which directly activate p38 through phosphorylation in a cell type-and stimulus-dependent manner. Numerous p38 substrates, including protein kinases, transcription factors and cell-cycle regulators, have been identified that mediate a variety of p38 functions (Shi and Gaestel, 2002) . The mammalian genomes contain four isoforms of p38, α, β, δ and γ, each encoded by a different gene. These p38 isoforms differ in tissue-specific expression, mode of regulation by upstream stimuli, selectivity for upstream regulatory kinases and phosphatases as well as downstream targets, and specificity for pharmaceutical inhibitors (Han et al., 1994; Jiang et al., 1996; Li et al., 1996; Jiang et al., 1997; Enslen et al., 2000; Tanoue et al., 2001; Shi and Gaestel, 2002) . Among these isoforms, only p38α has been shown to be essential for inflammatory and stress responses by genetic analysis in murine models (Kang et al., 2008; Otsuka et al., 2010) , while the physiological roles of the other p38 isoforms in inflammation or other cellular functions have been unclear (Beardmore et al., 2005; Sabio et al., 2005) . Although previous studies have indicated an important function of p38 in DNA damage responses, the specific role of each p38 isoform in these processes have not been systematically analyzed, and the mechanism underlying the involvement of p38 in DNA damage responses is not fully understood. In the current study, we took advantage of the isogenic cell lines either wild type or null for each of the p38 isoforms, and demonstrate that p38γ, but not other isoforms, contributes to cell survival after UV exposure. Deletion of p38γ leads to increased sensitivity of cells to UV treatment, enhances UV-induced cell cycle arrest and apoptosis, and causes defects in checkpoint signaling and UV lesion repair. These studies have identified p38γ as the major p38 isoform that regulates UV sensitivity, and suggest that p38γ promotes the survival of UV-exposed cells by mediating activation of the DNA damage checkpoint signaling and efficient repair of UV-induced DNA lesions.
RESULTS
Deficiency in p38γ, but not the other isoforms of p38, increases sensitivity of cells to UV treatment
To investigate the role of each individual p38 isoform in UVinduced DNA damage responses, we isolated mouse embryonic fibroblasts (MEFs) from mice harboring floxed alleles of p38α, β, γ, δ (Kang et al., 2008; Otsuka et al., 2010) . After immortalization, these cells were transduced with Creencoding or control retroviruses to generate isogenic MEF lines either null or wild type for each p38 isoform, respectively (Supplemental Fig. 1 ). Genomic PCR using allele-specific primers confirmed that Cre had indeed excised the floxed allele of the appropriate p38 isoform, while leaving the loci encoding the other isoform intact (Fig. 1A ). After treatment with UV, the survival rate, based on the number of proliferating cells determined by the MTT assay, was comparable between the p38α-, p38β-, or p38δ-null MEF cells and their isogenic wild type counterparts (Fig. 1B) . In contrast, the percentage of surviving cells after UV treatment was significantly lower in MEFs that are p38γ deficient, as compared to the isogenic control MEFs (Fig. 1B) . The loss of p38γ protein expression after Cre expression in MEFs was confirmed by Western blot analysis (Supplemental Fig. 2) . Thus, the loss of p38γ, but not the other p38 isoforms, increases the sensitivity of cells to UV exposure. To further substantiate the involvement of p38γ in UV sensitivity, we treated wild type and p38γ-deficient MEF cells with varying dosages of UV (Fig. 1C) . As expected, UV induced a dosedependent reduction in the survival of both wild type and p38γ-deficient cells. Nevertheless, the UV-induced cell toxicity is significantly more severe in p38γ-deficient cells than in the isogenic control cells at all the dosages. In addition, we measured the percentage of surviving cells at different time points after the UV treatment (Fig. 1D ). After treated with 50 J/m 2 of UV, the number of proliferating control cells declined within the first 24 h and became steady afterwards, while the surviving p38γ-deficient cells continued to decrease between 24-and 48-h post treatment, suggesting that loss of p38γ sensitizes cells to UV. Taken together, these results indicate that p38γ, but not the other p38 isoforms, contributes to cell survival after UVinduced DNA damage.
Deficiency in p38γ prolongs S phase arrest and enhances apoptosis after UV treatment
We next investigated whether the enhanced sensitivity to UV upon loss of p38γ was due to increased cell cycle arrest or cell death. Wild type and p38γ-deficient MEFs had very similar cell cycle profiles under untreated conditions ( Fig. 2A, 0 h ). After UV-treatment, cells in the S phase gradually accumulated in both wild type and p38γ-deficient populations ( Fig.  2A, 6 h and 16 h), indicative of a S-phase cell cycle arrest required for the repair of UV-induced DNA damage. Twentyfour hours after the treatment, the S-phase arrested cells in the wild type control population had already re-entered cell cycle, presumably as a result of successful repair of the UVinduced DNA damage; however, the majority of the cells were still arrested in S phase in the p38γ-deficient population ( Fig. 2A, 24 h ). Therefore, deletion of p38γ leads to a prolonged S-phase arrest after UV treatment, suggesting that there might be a defect in DNA damage repair in p38γ-deficient cells.
In addition to cell cycle arrest, UV also induces apoptosis in cells. Based on staining with fluorescence-conjugated Annexin V, UV induced a higher percentage of apoptotic cells in the p38γ-deficient MEFs than in the isogenic control population (Fig. 2B) . Thus, our findings indicate that the increased UV sensitivity upon loss of p38γ is resulted from both prolonged S phase cell cycle arrest and enhanced apoptosis after UV treatment.
p38γ is required for activation of the checkpoint signaling pathway in responses to UV The UV-induced DNA damage response, including cell cycle arrest and DNA damage repair, is coordinated via the checkpoint signal transduction cascades involving multiple protein kinases, phosphatases, adaptor proteins, and transcription factors (Latonen and Laiho, 2005) . UV radiation triggers phosphorylation and activation of the phosphatidylinositol 3-kinase-like kinases ATR and its downstream target the Chk1 protein kinase, and the p53 tumor suppressor protein (Abraham, 2001; Latonen and Laiho, 2005; and Cortez, 2008). These proteins collectively mediate the cell cycle arrest and facilitate the repair of UV-induced lesions on DNA. In addition, NBS1, a subunit of the Mre11/Rad50/ NBS1 (MRN) protein complex, is also activated through phosphorylation upon UV treatment, and contributes to the activation of ATR and downstream signaling of ATR (Olson et al., 2007) . Therefore, we analyzed the effect of p38γ status on the UV-induced checkpoint signaling pathway. As expected, UV induced phosphorylation of Chk1 at Ser345 in wild type MEF cells a dose-dependent manner; however, the induction of Chk1 phosphorylation was greatly decreased at every dosage of UV in p38γ-deficient cells (Fig. 3A) . We performed a time-course analysis of Chk1 phosphorylation in these cells. UV induced robust Chk1 phosphorylation at Ser345 at about 30 min post treatment, after which the amount of phosphorylated Chk1 gradually declined (Fig. 3B) . The level of Chk1-S345 phosphorylation was much weaker in p38γ-deficient cells than in the isogenic wild type cells at each time point examined. To confirm the specificity of the effect of p38γ on Chk1 activation, wild type p38γ was introduced back into the p38γ-deficient MEFs via recombinant retroviruses. Restoration of p38γ expression in p38γ-deficient cells led to a marked increase in UV-induced Chk1-S345 phosphorylation as compared to the cells transduced with a vector control (Fig. 3C ), indicating that reduced Chk1 phosphorylation in p38γ-deficient MEFs was indeed a specific result of the loss of p38γ.
In addition to Chk1, p38γ also appeared to be important for the activation of the other components of the checkpoint signaling pathway. Loss of p38γ led to abrogation of phosphorylation of NBS1 at Ser343 and phosphorylation of p53 at Ser15 (Fig. 3D) , both of which have been shown to be direct substrate sites of ATM/ATR and are crucial for activation of these proteins, respectively (Tibbetts et al., 1999; Gatei et al., 2000; Lim et al., 2000; Wu et al., 2000; Zhao et al., 2000) .
In order to rule out the influence from possible changes in the cell cycle profile as a result of loss of p38γ, we analyzed the checkpoint activation in MEF cells arrested in early S phase by double thymidine block before the UV treatment. Again, at every time point upon release from the UV treatment, the induction of phosphorylation of Chk1 at Ser345 and NBS1 at Ser343 was greatly diminished in p38γ-deficient cells as compared to the wild type control cells (Fig. 3E ). This observation indicates that the weakened checkpoint signaling is likely to be a specific consequence of the loss of p38γ function, rather than an indirect effect of altered cell cycle phase distribution in p38γ -/-cells. Furthermore, in contrast to UV that mainly induces DNA damage in the form of adducts between adjacent DNA bases, hydroxyurea, a DNA synthesis inhibitor that causes stalled DNA replication forks and accumulation of single-stranded DNA by depleting deoxyribonumceotides, triggered comparable levels of Chk1 activation in both control and p38γ -/-MEF cells (Fig. 3F) , suggesting that p38γ is specifically required for cellular responses to only certain types of DNA damage. Another direct substrate of ATM/ATR is the variant histone H2AX. Upon DNA damage, H2AX is rapidly phosphorylated at Ser139 by these kinases on chromatin regions surrounding the damaged sites (van Attikum and Gasser, 2009) . Using immunofluorescence analysis, we found that the Ser139-phosphorylated form of H2AX (γH2AX) was accumulated rapidly and robustly on DNA damage foci in UV-treated wild type MEFs, but to a much less extent in the p38γ-deficient cells (Fig. 4A and 4B ). Taken together, our results demonstrate that p38γ is critical for the efficient induction of the checkpoint signaling pathway in UV-treated cells.
p38γ is required for the nucleotide excision repair of UV-induced DNA damage
The major types of UV-induced DNA damage are cyclobutane-type pyrimidine dimmers (CDPs) and (6-4)-photoproducts (6-4PPs) in which adjacent DNA bases are cross-linked (Latonen and Laiho, 2005) . These DNA adducts are repaired by nucleotide excision repair (NER) in mammalian cells. The prolonged S phase cell cycle arrest in p38γ-deficient cells after UV treatment ( Fig. 2A) suggests that these cells may have defects in the repair of UV-induced DNA damage. To test this possibility, we compared the ability of wild type and p38γ-null MEF cells to repair a UV-damaged luciferase reporter gene, using a host cell reactivation assay in which DNA repair was measured by the restoration of luciferase expression upon transfection of the in vitro-damaged reporter plasmid into cells (Jia et al., 1999; Hu et al., 2004) . We initially validated this reporter assay using a patient-derived cell line (XP12R0) deficient in XPA, an essential component of NER, and its isogenic cell line (GM15876A) that had been complemented with a wild type human XPA gene (Bomgarden et al., 2006) . As expected, the repair of UV-damaged luciferase reporter was greatly improved in the XPA-complemented cell line as compared to the XPA-deficient cell line (Fig. 5A ). More importantly, the efficiency in repairing the UVinduced DNA damage was significantly reduced in p38γ -/-MEFs than in the wild type control cells (Fig. 5B) , indicating that the repair of UV-damage in cells is impaired by the loss of p38γ. Since the majority of the damages induced by UV in vitro are DNA adducts (Jia et al., 1999; Hu et al., 2004) , this finding reveals a critical role of p38γ in NER, and has thus provided a molecular mechanism underlying the prolonged S phase arrest and increased UV sensitivity in p38γ-deficient cells.
DISCUSSION
Although the p38 MAP kinase has been implicated in cellular responses to DNA damage, the role of each individual p38 isoform and the mechanism underlying their role in DNA damage are poorly understood. In this study, we showed that p38γ, but not the other isoforms, appeared to be critical for the survival of cells upon UV-induced DNA damage. Deletion of p38γ led to reduction in the number of proliferating cells after UV treatment, as a result of both prolonged cell cycle arrest in S phase and increased apoptosis. Further investigation Percentage of repair was calculated by dividing the firefly luciferase activity normalized to Renilla luciferase activity obtained with UV-treated pGL3 by that with untreated pGL3. Values are mean ± SD for triplicates.
revealed that p38γ was essential for the optimal activation of the DNA damage checkpoint signaling and efficient repair of UV-induced DNA damage. These findings have established a novel role of p38γ in mediating UV-induced DNA damage responses that are important for cells to cope with the UV exposure. DNA damage triggers highly coordinated responses in cells including repair of the damaged DNA and cell cycle arrest that temporarily halts DNA replication and cell division until the repair is completed. These responses are coordinated by the checkpoint signaling pathway (Abraham, 2001; Latonen and Laiho, 2005; Cimprich and Cortez, 2008) . It has been reported in previous studies that p38 MAPK contributes to DNA damage responses. Upon induction by DNA damage agents such as UV, the p38α isoform stimulates the activity of p53 through direct phosphorylation of the Ser33 residue and stabilization of the p53 protein (Bulavin et al., 1999; She et al., 2000) . Our data indicate that the p38γ isoform contributes to the activation of the checkpoint signaling, including the activating phosphorylation of NBS1, Chk1, p53 and γH2AX, in response to UV exposure, suggesting that p38γ acts either upstream of these checkpoint proteins or in a positive feedback loop in checkpoint signaling. The difference between our findings and previous results may reflect a functional diversity between different p38 isoforms. It is equally possible that the same p38 isoforms contribute to DNA damage response through regulation at multiple levels.
It has been reported that an active checkpoint signaling pathway is crucial for the efficient repair of DNA damages. In addition to the proteins that recognize DNA damage and thus trigger the checkpoint signaling and repair, p53 directly participates in DNA damage repair by regulating the transcription of, and by direct interaction with, the components of the repair machineries (Cline and Hanawalt, 2003; Latonen and Laiho, 2005) . Therefore, the reduced efficiency in repairing UV-induced DNA damage in p38γ-deficient cells is possibly due to the requirement of p38γ in UV-induced checkpoint signaling, including the activation of p53. However, a more direct effect of p38γ on NER cannot be ruled out. In a recent study using SB203580, a chemical inhibitor of p38, it was shown that p38 augments NER by promoting chromatin relaxation and ubiquitin-mediated proteolysis of DDB2, a subunit of the UV-damaged DNA binding (UV-DDB) complex, which needs to be degraded before the recruitment of XPC to the damage site (Zhao et al., 2008) . SB203580 mainly targets p38α and p38β, but it also inhibits the other p38 isoforms with lower affinity. Thus, it remains to be determined whether the p38γ is the major, or at least one of the, p38 isoform(s) contributing to these processes, and whether these regulations occur through the effect of p38 on the checkpoint signaling.
Interestingly, although an active checkpoint pathway mediates both cell cycle arrest and DNA damage repair, dampened checkpoint signaling in p38γ-deficient cells was accompanied only by reduction in repair, but not by impairment in cell cycle arrest. On the contrary, a prolonged S phase arrest was observed as compared to the wild type control cells, most likely due to the difficulty in repairing the DNA damages in the absence of p38γ. These results suggest that p38γ only contributes to certain, but not all, aspects of the checkpoint signaling. As a result, loss of p38γ may have spared the activation of some redundant signaling components that are sufficient to mediate cell cycle arrest. Alternatively, the severity of reduction in the strength of the checkpoint signaling in p38γ-deficient cells may be only enough to disrupt DNA damage repair, but not the cell cycle arrest.
Our results showed that p38γ deficiency led to reduction in checkpoint signaling induced by UV, but not that by hydroxyurea, indicating that the role of p38γ is limited to UV-induced DNA damage responses. UV induces the formation of DNA adducts that cause distortions in the DNA helix and halt RNA polymerase elongation along DNA, resulting in stalled DNA replication forks. Hydroxyurea also stalls DNA replication by inhibiting ribonucleotide reductase, thus causing depletion of deoxyribonucleotides in cells. In both cases, stalled replication forks lead to accumulation of single-stranded DNA and activation of the ATR-Chk1 checkpoint pathway. The differential effect of p38γ on UVand hydroxyurea-induced DNA damage responses suggest that p38γ is likely involved in sensing DNA adducts formed upon UV treatment, rather than other types of DNA damages.
MATERIALS AND METHODS

Cell lines and cell culture
Mouse embryonic fibroblast (MEF) cells and LinX-E retroviral packaging cells (Sun et al., 1998) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, glutamine and antibiotics. MEF cells isolated from 14.5 dpc embryos using a published protocol (Serrano et al., 1997) , and immortalized with a recombinant retrovirus encoding SV40 large T antigen. The immortalized MEF cells isolated from mice harboring floxed alleles of p38α, β, γ or δ (Kang et al., 2008; Otsuka et al., 2010) were transduced with Cre-encoding or control retroviruses to generate isogenic MEF lines either null or wild type for each p38 isoform, respectively. XPA-complemented (GM15876A) and XPAdeficient (XP12R0) cell lines were purchased from the Cornell Cell Repository and maintained in DMEM supplemented with 10% fetal calf serum, glutamine and antibiotics.
Genotyping of mice and isogenic MEF cell lines
Genotypes of mice carrying floxed alleles of p38α, β, γ or δ, and isogenic MEF lines either null or wild type for each p38 isoform were determined by genomic PCR using allele-specific primers, as described previously (Kang et al., 2008; Otsuka et al., 2010) .
Retroviral gene transduction
Retroviral gene transduction was carried out as previously described, using ecotropic packaging cell line LinX-E (Sun et al., 1998) .
Transduced cells were selected with 1 μg/mL of puromycin, 80 μg/mL of hygromycin B, or 400 μg/mL of G418. were allowed to recover in complete medium for an indicated period time before they were harvested by trypsinization, washed with phosphate-buffered saline (PBS), and fixed in 100% ethanol for overnight. The fixed cells were then spun down, washed with PBS, resuspended in PBS containing 1% of fetal calf serum and 20 μg/mL of propidium iodide, and analyzed by flow cytometry.
Apoptotic assay
MEF cells were seeded into 6-well plates at a density of 2 × 10 5 cells/ well. After exposure to 50 J/m 2 of UV, cells were allowed to recover in complete medium for 24 h. Adherent cells were harvested by trypsinization and combined with cells collected from suspension, after which the cells were collected by centrifugation, resuspended in complete medium, washed with PBS, and then resuspended in 500 μL of 1 × Annexin-V binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl 2 ). Five microliter of FITC-conjugated Annexin-V (BD Pharmingen, 51-65874X) and 2 μL of 1 mg/mL propidium iodide were added and incubated with cells at room temperature for 15 min. The percentage of FITC-positive apoptotic cells were determined by flow cytometry. Each experimental point was performed in triplicates.
Synchronization of cells by double thymidine block
To synchronize cells at the G1/S boundary, cells were treated with 2.5 mM of thymidine for 16 h, released into complete medium without thymidine for 9 h, and treated again with 2.5 mM of thymidine for 16 h. Cells were then released into medium without thymidine for 1 h to allow entry into early S phase, and treated with 20 J/m 2 of UV. After recovery in complete medium for an indicated period of time, cells were lysed and subjected to Western blot analysis.
Cell reactivation assay
Cell reactivation assay was performed to determine the capability of different cell line in repairing UV-induced DNA damage, following published protocols (Jia et al., 1999; Hu et al., 2004 ) with minor modifications. One ml of 0.1 μg/mL of the Firefly luciferase reporter plasmid pGL3 (Promega) was irradiated with 0, 200 or 400 J/m 2 of UV in a 6-cm plate. 0.8 μg of treated pGL3 was co-transfected together with 16 ng of un-damaged Renilla luciferase reporter plasmid pRL-TK (Promega), into 5 × 10 4 of indicated cells seeded in 24-well plates using 2 μL of Lipofectamine 2000. Cells were lysed and luciferase activity was measured 24 h after transfection using Dual Luciferase Assay System (Promega). After normalization of the Firefly luciferase activity to the Renilla luciferase activity, % of repaired DNA was calculated by dividing the normalized activity obtained with pGL3 treated with 200 or 400 J/m 2 of UV by that with pGL3 treated with 0 J/m 2 of UV. Each experimental point was performed in triplicates.
Western blot analysis
MEF cells were seeded into 6-well plates at a density of 2 × 10 5 cells/ well, treated with indicated dosages of UV, recovered in complete medium for indicated period of time, and then lysed in 80 μL of 1 × Laemmli sample buffer. After sonication, 20 μL of lysates were resolve on 4%-20% SDS-PAGE gel, transferred to nitrocellulose membrane, and subjected to Western blot using appropriate antibodies. Antibodies against phospho-Chk1-S345, Chk1, phospho-p53-S15, phospho-NBS1-S343, and NBS1 were purchased from Cell Signaling; antibody against p38γ was purchased from R&D Systems; antibody against p53 (CM5) was purchased from Novocastra; and antibody against α-tubulin (DM1A) was purchased from Sigma. After incubation with proper secondary antibodies, signals were detected using enhanced chemiluminescence.
Immuno-fluorescence staining of γ-H2AX
MEF cells were seeded on cover slips placed in 12-well plates at a density of 1 × 10 5 cells/well, treated with 20 or 50 J/m 2 of UV, recovered in complete medium for 30 min, washed with PBS, and fixed with 4% of paraformaldehyde in PBS for 45 min at RT. The cells were then washed 3 times with PBS for 5 min each, permeabilized in PBS containing 0.1% Triton X-100 and 1% BSA for 30 min at RT. The cover slips were blocked with 3% BSA in PBS for 1 h at RT, incubated with an anti-γ-H2AX antibody (Cell Signaling) at a 1:200 dilution in 3% BSA/PBS for 2 h at RT, washed 3 times with 0.1% Tween-20 in Trisbuffered saline (TBST), and incubated with a FITC-conjugated antirabbit IgG antibody (Vector) at a 1:500 dilution in 3% BSA/PBS for 30 min at RT. After washing 3 times with TBST, the cover slips were mounted in VECTASHIELD mounting medium with DAPI (Vector). The cells were photographed and the percentage of cells with more than 5 γ-H2AX-positive foci was determined under a fluorescence microscope. Each experimental point was performed in triplicates. At least 200 cells were counted in at least 5 randomly chosen fields.
